Purpose PCL management and choice of insert design and mobility in total knee arthroplasty are still debated in the literature. Consequently, the purpose of this study was to analyze the biomechanics of a fixed and a mobile bearing total knee arthroplasty with conventional and ultra-congruent insert during walking and squat activities, using finite element analysis, and to check the performance in a knee with healthy and deficient PCL. Methods The study was based on an already validated and published knee model. Fixed bearing and mobile bearing cruciateretain designs were selected for this study. Implant kinematics and kinetics were calculated, following previously experimental tests, during a walking cycle and a loaded squat in a knee with intact and with deficient PCL. Results Mobile bearing design, due to its higher congruency, was able to complete the task in intact and deficient PCL conditions, with similar internal-external femoral rotation and with a slight higher anterior translation of the one of the intact knees. Such outcomes were also in agreement with the results of different experimental studies of native knee specimens under similar boundary conditions. Contrariwise, fixed bearing design was able to accomplish the task only in healthy PCL conditions. Conclusion Results demonstrated how the high congruency of the mobile bearing design is able to guarantee proper knee stability and kinematics even when the PCL is deficient. Instead, the fixed bearing insert, with lower congruency, is not able, in the absence of the PCL, to stabilize the joint inducing irregular kinematic pattern and component dislocation. Surgeons will have to consider these findings to guarantee the best outcome for the patient and the related change in stability in case of PCL deficiency.
Introduction
The PCL is considered one of the primary stabilizers of the joint and its retention may influence knee stability, kinematic, proprioception and it may reduce the shear forces on the tibia [14, 34, 39] . The choice between cruciate-retaining (CR) and posterior-stabilized (PS) implants is, however, still debated, and different arguments (based on theoretical, kinematic analyses and clinical outcome data) were proposed in support of both the possibilities, yet with very little consensus [54] .
CR inserts theoretically guarantee a more physiological proprioception and control of knee flexion, resulting in good knee stability and high functional outcomes in daily activities such as kneeling and climbing stairs. PCL retention implant might moreover preserve more physiological knee kinematics, reducing patellar complications and shear forces [1, 12, 27, 39, 47] . Furthermore, the CR design does not require the sacrifice of the intercondylar box, preserving femoral bone-stock [17] . In cases of PCL laxity or flexion contracture, anyway, adopting the CR inserts can be extremely challenging because of the difficult ligament balancing [30] and for those reasons, PS implants were introduced [26] : such design, thanks to the presence of a post-cam mechanism, was also aimed to avoid the posterior tibia subluxation usually induced by a degenerated PCL and to improve the range of knee flexion [31, 36, 50] ; excessive antero-posterior tibial translation, a typical aftermath of PCL resection, was also avoided via this mechanism. Even if long-term follow-up studies have reported satisfactory results [4, 8, 9, 37, 45] , the PS implants present some disadvantages mainly due to the post-cam mechanism itself, resulting in greater stresses on the insert and high risk of polyethylene wear at the level of the cam-mechanism [2, 33] . Compared to fixed bearing (FB) insert design, mobile bearing (MB) inserts is usually characterized by a higher insert congruency; this feature was developed to allow a more physiological motion of the implant and to correct small tibial rotational misalignment, minimizing polyethylene wear [43] .
The purpose of this study was to analyze the biomechanics of a healthy and a PCL-deficient knee after a CR TKA implant; the same design was used, in fixed bearing and mobile bearing options. For all the configurations under investigation, tibio-femoral kinematics, contact area, and forces were calculated and compared during a simulated walking cycle and a squat up to 120°.
In this study, we focus the analysis only on one kind of mobile bearing, the pure rotating mobile bearing. However, over the years, the term "mobile bearing" has been referred to various designs, differing in their mobility: rotating-platform designs allow for free rotation of the PE insert around the central axis of the tibia; meniscal-bearing designs allow unconstrained movement of the insert; and rotating/translating designs allow for gliding in the AP plane and some rotation around the central axis of the tibia [6, 35] .
Materials and methods
The finite element model developed for this study was based on a previously validated and published knee finite element model [5, 19, 20] , and it includes the following features.
Geometry
The three-dimensional (3D) geometry of the bone was obtained from computed tomography (CT) images of a right mechanical-equivalent tibial Sawbones (fourth-generation composite tibia, Pacific Research Laboratories, WA, USA), including cortical bone, cancellous bone and intramedullary canal [3, 16, 49] . Such models are widely used for numerical and experimental tests, as reported in the literature [5, 20, 25] . On such geometries, anatomical landmarks [24, 56] were identified to detect the anatomical and mechanical axes of the bones, together with the insertion points of the medial and lateral collateral ligaments (MCL and LCL) and of the posterior cruciate ligament (PCL).
A GEMINI SL fixed bearing CR (FB Design) and a GEMINI SL mobile bearing CR (MB Design) (WALDE-MAR LINK GmbH & Co. KG, Hamburg, Germany), both right side and medium size, were selected for this study and implanted following the proper indication provided by the manufacturer. In detail, the femoral component among the two designs is the same, the tibial interface with the bone is the same and only the insert is different, being ultra-congruent for the mobile bearing solution and less congruent for the fix bearing design; the femoral component has instead symmetric condyles with a J-curved shape, the most common adopted in the industry [23, 38] . A mechanically aligned position was considered for both the femoral and tibial components [20] .
Material model and properties
In this study, a full knee model, including pre-strained ligaments, was used. As reported by Innocenti et al. [19] , the inclusion of the collateral ligaments in the numerical models is fundamental to obtain realistic load transfer; Godest et al. [13] described then the role of the surrounding tension within the soft tissues and they reported that both the relative position of the components and the tension of the surrounding soft tissues have an impact on the results.
Linear elastic models were chosen for all the materials involved in this study, in agreement with the previous literature studies [7, 18, 19, 22, 46] ; this assumption allows a good approximation of all the mechanical properties to achieve an acceptable quantitative comparison among different configurations; cortical bone was modeled as transversely isotropic, while the cancellous bone was considered isotropic [7, 11, 19, 20, 22] . Ligaments were considered isotropic and modeled as beams with a specific cross-section area with a validated pre-strain [7, 19, 20, 22] . The materials used for the metal components and for the tibial insert were, respectively, cobalt-chromium alloy (CoCr) and ultra-highmolecular-weight polyethylene (UHMWPE), assumed to be homogeneous and isotropic [7, 22, 23, 40] . A coefficient of friction of 0.04 was considered for the interaction between the femoral component and the tibial insert [19, 20, 48] . The interfaces between prosthetic components and bone were rigidly fixed simulating the effect of a cement (PMMA) layer [19, 20] ; this latter was applied at the cut surface of the femur in contact with the femoral knee component and at the tibial bone cut in contact with the tibial component, with a constant penetration of 3 mm into the bone (based on a test of different cementing techniques [52, 53] ). The material adopted for the cement was considered homogeneous and isotropic as well [49, 58] . A full overview of the materials used in the study is reported in Table 1 .
Analyzed configurations and motor tasks
In this study, four different models were considered, implanting the FB and the MB designs both with a healthy PCL and with a lax PCL one. Each configuration was analyzed during a dynamically simulated walking and a squat motor task, which were replicated applying appropriate forces and kinematics [7, 21, 23, [40] [41] [42] . In detail, a 10 s loaded movement up to 120° was considered for the squat and the boundary conditions, in terms of flexion-extension angle, axial force and anterior-posterior force, were taken accordingly to previous experimental activities [32, 55, 57] ; even if patellar bone and soft tissue envelope were not modelled during the present activity, the adopted boundary conditions take in account also forces exerted by the extensor mechanism. As in the experimental tests, the other degrees of freedom were kept free. To reproduce the walking cycle, instead, the flexion extension, anteroposterior force, intra-extra rotation and axial force were imposed according to the ISO-14243-1 and a duration of 1 s was considered for this motor task, following the previous literature studies [7, 23, 40] . Similar to the previous study, the tibia was considered fixed, in the region of the ankle, for all the analyzed activities [7, 11, 20, 25] .
Finite element analysis and output
For each configuration, each model was defined using tetrahedral elements with element sizes between 1.5 and 4 mm. To reduce the discretization error, a convergence test was performed to check the selected element size mesh quality for every region of the model. Abaqus/Explicit version 2017 (Dassault Systèmes, Vélizy-Villacoublay, France) was used to perform all the finite element simulations.
For all the models developed, the tibio-femoral kinematics (in terms of internal-external rotation and anteroposterior translation) were extracted and compared among the configurations. Medial and lateral contact areas, pressures and forces were also extracted and investigated. Figures 1 and 2 , illustrating the kinematic comparison among the four configurations analyzed in terms of anterior-posterior translation ( Fig. 1 ) and internal-external rotation (Fig. 2) . Both graphs represent the motion in function of the flexion angle for a full flexion up to 120°. From these graphs it is evident how the congruency of the MB Design insert is able to guide the kinematics even with a deficient PCL, mainly leading to an anterior translation increase but keeping almost the same internal-external femoral rotation. On the opposite, the FB design, which insert presents a lower congruency, is not able to stabilize the joint inducing an irregular kinematic pattern both in terms of anterior-posterior translation and rotation, causing the foresaid dislocation at 75°. Figure 3 illustrates the average and max contact areas achieved during the entire squat motor task for the MB and FB designs; in this figure, the FB design with deficient PCL was not considered as it is able only to reach 75° of flexion. To be able to compare also such configuration, Fig. 4 illustrates the average and max contact area achieved up to 75° for the two configurations of the FB design. Thus, it is possible to see how the MB Design insert is characterized by a higher congruency compared to the fixed bearing design, as the average contact areas is almost 3 times higher. For a visual representation of such findings, Fig. 5 illustrate a qualitatively comparison of the contact areas and pressure among the MB design (left) and the FB design (right). The contact pressure values are reported in a colored scale having the red color the max value and the light blue color the lowest value of pressure. Blue report areas with no contact pressure. Figure 6 illustrates the average contact area achieved during the walking motor tasks for the four configurations analyzed. The results are subdivided in stance and swing phase Average contact area (in mm 2 ) achieved during the walking motor tasks for the four configurations analyzed. The results are subdivided into stance and swing phase and are split for the medial and lateral side of the insert and the bar describes the values for the medial and lateral side of the insert. Also for the walking motor task is possible to see how the MB Design insert is characterized by a higher congruency compared to the FB design, with an average value around 4.5 times higher in the stance phase and 2.5 times higher in the swing phase. Due to the symmetry of the insert, the medial and lateral contact areas are almost identical for the four configurations analyzed in the study.
Results

Discussion
The most important finding of the present study was that a high congruency in a mobile bearing insert is able to provide stability also in the presence of a PCL deficiency. In fact, performing the squat motor task, the MB Design was able to complete the task, reaching 120° in native and deficient PCL conditions; on the contrary, the FB Design was able to accomplish the task only with a healthy PCL; in case of deficient PCL, indeed, the FB design dislocates at 75° of flexion ( Figs. 1, 2) . The MB design with the deficient PCL is still able to guarantee the congruency, even with a lower contact area compared to the same insert with healthy PCL, showing furthermore an average value higher than two times the one obtained with the FB Design insert with a healthy PCL (Figs. 3, 4) . This is reasonable, because the healthy PCL applies an additional force between the femur and the tibia, increasing the contact force and, therefore, the contact area. Looking at the max contact area (Fig. 3) , the same relations are still present among the different designs.
The results show that all the designs presented an initial anterior translation followed by a posterior translation at flexion angle increasing; the magnitude of such translation is about 15 mm, a value almost common among the different implants. The MB design with lax PCL shows instead higher anterior translations. These trends are comparable to some of the ones found by Walker et al. [59] and by Arnout et al. [2] in the analysis of different TKA from several manufacturers. The internal-external rotation pattern, especially for the MB design, is very similar to the one reported in the literature by Victor et al. [55] and by Kwack et al. [29] analyzing native knee specimens using a knee-joint robotic machine, under boundary conditions similar to the ones used in the present activity. CR implant showed instead a paradoxical motion, accentuated in the case of PCL deficiency; this result is in agreement with the study of Kim et al. [28] , that reports an increase of the anterior sliding of the femur during flexion if the PCL is too loose, and by Victor et al. [54] and Catani et al. [10] , that identify implant paradoxical motion in the tibia in PCL-retained arthroplasties.
In terms of average contact area achieved during the walking motor tasks (Fig. 6) , it can be observed how the stance phase is characterized by a higher force and this could explain the greater values of contact areas found there if compared with the ones determined during the swing phase for all the designs.
Results demonstrate how the high congruency of the MB design is able to guarantee the knee stability even when the PCL is deficient, and this finding was also reported by a recent clinical paper of Stronach et al. [51] which results indicate that, with the use of a congruent bearing design, no evident limitation in postoperative ROM or loss of stability is present whether the PCL is intact or released.
There are nonetheless limitations and assumptions associated with this study: an ideal alignment and positioning of the prosthesis components were assumed during simulation, so the small postoperative coronal, sagittal, and rotational malalignments eventually occurring in actual TKA surgeries were ignored [44] . Moreover, the study is based only on one TKA design and does not take in consideration any bone deformity that could indeed alter the final TKA outcome [15, 60] . Nevertheless, such approach is quite common in the field as the main aim of the study is to focus on one design feature (and related parameters) and not to include additional variability in the system [5, 7, 20, 46] . As already anticipated in the introduction, in this study, we limit our study in the comparison among a fix bearing design and on a rotating-platform designs allowing free rotation of the PE insert around the central axis of the tibia; the possibility of using different design of mobile bearing, as the one with AP translation in the transversal plane, could be an additional part of the activity but was not considered in the study as the implant used does not consider such design option. From a modeling point of view, an assumption is related to the ligament model, here implemented as a beams; this approach is nonetheless quite common in the literature, with previously validated ligaments model [19] . The selection of the behavior of the different materials analyzed needs to be addressed too, being the bony structures (as well as the soft tissues) assumed as linear elastic and homogeneous even if it is well known that the cortical and the cancellous bone contemplate spatial inhomogeneity in their properties [46] . Another limitation of this study is in the use of a linear model for the polyethylene, which could provide an overestimation in the local value of stress under plasticization. The aim of this study, however, was just to perform a comparison among the different configurations using the same approach and consequently these limitations do not represent cause of issues.
Conclusions
In this study, the biomechanics of a fixed and a mobile bearing cruciate-retaining total knee arthroplasty, respectively, having a conventional insert and an ultra-congruent one, was investigated during squat and walking activities. Results demonstrate how the high congruency of the MB design is able to guarantee the knee stability even when the PCL is deficient (case for which a CR is usually not suitable), while the FB insert, presenting contrariwise a lower congruency, provide correct knee kinematics only with the presence of an intact PCL. Surgeons will have to consider these findings to guarantee the best outcome for the patient and the related change in stability in case of PCL deficiency.
